1. Orthophosphate (Pi), adenosine 5'-diphosphate (ADP), adenosine 5'-triphosphate (ATP) and 2,3-diphosphoglycerate (2,3DPG) were measured in the erythrocytes of patients in an intensive care unit.
Introduction
While a large number of clinical disorders arising from severe hypophosphataemia have now been described [ 1, 21, pathological changes resulting from hyperphosphataemia are less frequently encountered [3, 41 . Nevertheless, it has recently been demonstrated that, among older patients in an intensive care unit (ICU), increased mortality was associated with normal and mildly elevated plasma concentrations of orthophosphate (Pi) rather than hypophosphataemia [ 5 ] . In view of this paradox, arising from extracellular Pi measurements, we have measured intracellular phosphorus metabolites in the erythrocytes of ICU patients, and have related changes in cellular phosphate and energy metabolism to extracellular Pi concentrations. In particular we have examined the relationship between cellular Pi and cellular adenosine 5 '-triphosphate (ATP), adenosine 5 '-diphosphate (ADP), 2,3-diphosphoglycerate (2,3-DPG) and the phosphorylation potential.
In order to determine the sequence of these biochemical changes, short incubations were performed in vitro using erythrocytes from normal donors, in an attempt to distinguish rapid changes, occurring on the same time scale as the changes in cellular Pi, from long-term changes requiring many hours or days of exposure to abnormal concentrations of Pi. The effect of cellular Pi on glycolytic rate was also studied during these experiments.
A preliminary account of part of this work has been presented elsewhere [6] .
Methods
Heparinized blood samples (1 0 ml) were drawn from 46 unselected patients withm 24 h of admission to the ICU. Forty-three samples were arterial and the remainder were venous. Samples were immediately chilled on ice, and erythrocyte metabolites were extracted with ice-cold HClO, (1 mol/l) after 25-35 min.
Erythrocyte Pi was measured by the internally standardized procedure described previously [7] .
2,3-DPG, ATP and ADP were measured in the extracts that had been prepared for analysis of Pi. 2,3-DPG was assayed by hydrolysis in the presence of phosphoglycerate mutase, followed by colorimetric determination of the Pi thus liberated [8, 91 . Nucleotides were assayed by high performance liquid chromatography on a Waters Associates Radial-Pak C-18 reverse phase column, eluting with 0.125 mol/l ammonium phosphate, pH 5. Eluted peaks were detected with a Waters model 440 Absorbance Detector and displayed and integrated on a Waters Data Module. It was not possible to determine ADP in all samples as, in a small number, an additional peak eluted between ATP and ADP, so that no reliable integration of the ADP peak could be made. Internal standards (approximately 1.5 mmol of ATP/litre of cells and 5 mmol of 2,3-DPG/litre of cells) were added to the HClO, used to deproteinize the cells. In 46 patients, the mean percentage recovery of these standards, after being carried through the whole extraction and assay procedure, was 103 (SD l l ) % for ATP and 102 (SD 7)% for 2,3-DPG.
All values quoted in this paper for ATP, 2,3-DPG and cellular and plasma Pi in patients' samples have been internally standardized. The corresponding values for washed erythrocytes incubated in vitro have been externally standardized, as this was found to give higher precision with no significant systemic deviation from internally standardized values.
Lactate was measured by monitoring production of reduced nicotinamide-adenine dinucleotide at 340 nm in the presence of lactate dehydrogenase and hydrazine [lo] .
Incubations in Hepes-buffered balanced salt solutions were performed in vitro by the procedure described previously [7] at pH 7.4 and 37'C under air. As for the patients' samples, cell suspensions were chilled in vitro on ice before deproteinization.
Haemolysis during these 90 min incubations was assessed by assaying haemoglobin (as cyanomethaemoglobin) in the extracellular medium [ 111, and was found to be less than 1.4% of the total in the cell suspension.
Statistical analysis
Significance of changes was assessed by paired Student's t-test.
Results
In the 46 patients studied here, the plasma concentration of Pi varied widely, from 0.1 to 4.2 mmol/l, compared with a reference range of approximately 0.6-1.5 in normal adults [12] . The corresponding concentration in erythrocytes varied from 0.1 to 2.0 mmol/litre of cells [7] .
The relationship between the cellular concentrations of organic phosphates and of Pi proved to be surprisingly weak (Fig. l) , with a marked depletion of ATP (less than 1 mmol/litre of cells) occurring only at the very lowest cellular concentrations of Pi (less than 0.3 mmol/l). Similarly, only one patient showed a marked increase in ATP at the higher concentrations of Pi. 2,3-DPG concentrations showed no detectable dependence on cellular Pi and marked depletion (less than 3 mmol/litre of cells) was observed in only two patients. This is an important practical point, as it suggests that, in most of the patients, recently transfused erythrocytes (which contain abnormally low concentrations of 2,3-DPG [13]) were not a major contributor to the erythrocyte population.
The ATP/ADP ratio was not significantly affected by the cellular concentration of Pi, hence the phosphorylation potential (Fig. 2 ) was dominated by the Pi term in the denominator, and varied widely over the cellular Pi concentration range observed in these patients.
The effect on the ATP/ADP ratio, and on absolute organic phosphate concentrations, of chlling the erythrocytes on ice is shown in Table  1 . The effect of chilling on erythrocyte Pi has been discussed previously [ 71. litre-' of cells respectively, indicating that raised cellular Pi concentrations were stimulating glycolysis (P< 0.01). In three incubations in medium containing 0.1 mmol/l Pi, the changes in lactate production were too small for a corresponding decrease t o be demonstrated.
Phosphate in inten
Whereas changes in both cellular Pi concentrations and glycolysis were detectable after only 60-90 min of incubation, no significant effects of Pi on the concentrations of organic phosphates were observed (Table 2) , nor was there any significant effect on the ATP/ADP ratio. Hence the phosphorylation potential varied inversely with the cellular concentration of Pi, as seen in the patients' cells (Fig. 2) .
Discussion
Studies from other laboratories, in vivo and in vitro 114, 151, have suggested that the erythrocyte concentration of Pi is proportional to that in plasma, and arises from passive diffusion of the ion between plasma and cytoplasm. As a result of this process, cellular Pi should diffuse out of the cell during hypophosphataemia, with concomitant inhibition of glycolysis [16, Erythrocytes from normal donors were incubated for 90 min at 37OC, under humidified 95% 0 2 / 5 % COz in autologous plasma at 11% PCV. Cell suspensions were concentrated and deproteinized after 0, 30 and 60 min on ice, as described previously [7] . All values are expressed as means ? 1 SD, n = 9. Plasma concentration of Pi was sponding loss of 2,3-DPG was not observed, in agreement with recent work on ICU patients, from another laboratory [20] . These findings are reminiscent of the unexpectedly high erythrocyte concentrations of organic phosphates observed in hypophosphataemic patients with vitamin D resistant rickets [21] and in hypophosphataemic renal transplant patients [22] , and suggest that the concept of organic phosphate depletion, as an inevitable consequence of passive diffusion of Pi out of the cell during hypophosphataemia, may be an oversimplification in vivo.
The effect of extracellular Pi on the energy status of the cell is an aspect of hypo-and hyperphosphataemia which has received relatively little attention in the erythrocyte. Two main indicators of energy status have been proposed: the phosphorylation potential [23, 24] [23] , it is also of thermodynamic significance, as the free energy of hydrolysis of ATP, AG', under cellular conditions is given, to a first approximation by:
AG'= AGO'-RTln r (3) where AGO' is the standard free energy of hydrolysis of ATP (-32 kJ/mol) [26] , R is the gas constant (8.31 J K-' mol-') and T is the absolute temperature in K. (For a more rigorous treatment of this subject, see [27] .) Hence AG', the theoretical maximum amount of work that the cell can obtain from hydrolysis of ATP, is, in principle, a function of the cellular concentration of Pi. We therefore investigated the extent of variation of the phosphorylation potential in the patients' erythrocytes as a possible contributor to cell damage in hypo-and hyper-phosphataemia.
Although changes in organic phosphate concentrations were difficult to detect ( Fig. 1 and Table  2 ), a marked change in phosphorylation potential was obtained when cellular Pi changed (Fig. 2) . In this respect, human erythrocytes differ appreciably from rat hepatocytes, which can regulate their phosphorylation potential when the cellular Pi concentration is changed [28] . If the standard free energy of hydrolysis of ATP, AGO', is taken to be -32 kJ/mol [26] , from eqn. (3) and Fig. 2 , the nonequilibrium free energy of hydrolysis in the cell at a normal cellular concentration' of Pi (0.6 mmol/litre of cells) can be calculated to be approximately -55 kJ/mol, in agreement with an earlier estimate [29] . (The phosphorylation potential must be multiplied by 0.72 to allow for the water content of the erythrocytes.) Similarly, if the limiting values for the phosphorylation potential observed in hypo-and hyper-phosphataemia in Fig. 2 are taken, the AG' values become -58 and -51 kJ/mol respectively. Assessing the functional significance of these changes is difficult, but a comparable percentage change in the free energy (AGkaent) utilized to do work in, for example, non-electrogenic ion pumping ATPase reactions [30] , could lead to a significant alteration in the resultant ionic concentration gradient C2/C, given by: (4) owing to the logarithmic relationship between No attempt has been made to correct these free energy calculations for the effects of chilling the patients' cells on ice before extraction of metabolites. At normal concentrations of plasma Pi, 30 min of chilling had only a marginal effect (Table  l) , but insufficient blood was available from the patients to perform similar control measurements in severely hypo-or hyper-phosphataemic plasma.
From the short incubations in vitro, changes in the cellular concentration of Pi, with corresponding changes in lactate production, were observed within 60-90 min, but without significant changes in organic phosphate concentrations. However, the stimulation of lactate production in the incubations at high concentrations of Pi must have arisen AGkadient and c2lCl.
from an increased flux through ATP synthesizing steps of the Embden-Meyerhof pathway. Presumably this stimulation of glycolysis also occurred in the hyperphosphataemic patients' cells, yet neither in vivo nor in vitro was any marked increase in the steady state concentration of ATP observed. This leads to the interesting possibility that a compensatory stimulation of energy consumption (or dissipation) occurs in hyperphosphataemia, although the nature of these apparent regulatory processes has yet to be determined.
